As the use of forest harvesting residues for energy production gains popularity, debate continues regarding the long-term sustainability of whole tree harvesting (WTH). This practice removes nutrient-rich twigs that only account for a small fraction of harvest residues, emphasising the need to develop nutrient-efficient alternatives to WTH. This study assessed N, P, K, Ca, and Mg distributions within sugar maple (Acer saccharum Marshall) and yellow birch (Betula alleghaniensis Britton) branches of various sizes in order to determine the branch diameter threshold that would represent the best compromise between the quantity of harvested biomass and nutrient losses that were generated. Quantities of nutrients that were exported with harvesting were then modelled at the stand level using different biomass harvest scenarios to explore what factors ultimately drove total quantities of nutrients exported with harvest. We found that the branch diameter threshold for biomass harvesting should be set at 2 cm for most nutrients in both tree species. An exception was Mg in yellow birch, for which the harvesting of branches larger than 10 cm would always generate larger nutrient export than gains in terms of biomass. At the stand scale, we provide evidence that the intensity of biomass harvest (i.e., the number of branch compartments harvested) is the principal factor responsible for the quantity of nutrient that is exported with harvesting.
Introduction
Interest is rising worldwide regarding the use of forest harvest residues (foliage, twigs, and branches, hereafter referred to as biomass) for energy production. These residues represent an abundant, readily available, and renewable resource that could reduce our dependency on fossil fuels [1] . Yet the sustainability of harvesting forest biomass has been questioned, since it may affect soil fertility, water quality, carbon balance, and biological diversity [2] . A possible decline in forest productivity, which would be caused by the removal of nutrient-rich biomass, likely represents the most important of these concerns [3, 4] .
Shade-tolerant hardwood forests of northeastern North America could be an attractive locale for the biomass industry due to the abundance of large branch residues (diameters as great as 10 cm), combined with their proximity to industrial facilities. Also, hardwood residues are denser than those of softwoods and provide more energy for the same volume of wood. Residue removal remains marginal in these temperate hardwood forests, but this practice could become more common as incentives for reducing the use of fossil fuels increase and as international markets for biomass develop.
Field studies assessing the sustainability of biomass harvest in shade-tolerant hardwood forests have been limited to comparing nutrient losses under whole-tree harvesting (WTH) and stem-only harvesting (SOH) scenarios. Worldwide reviews indicate that WTH may deplete soil nutrients and carbon pools, and impair long-term forest productivity [4, 5] , thereby bolstering arguments against biomass harvesting. Indeed, WTH is not a nutrient-efficient strategy for harvesting biomass, as it also removes nutrient-rich twigs and leaves that only represent a small fraction of tree biomass. There is thus a need to develop nutrient-efficient alternatives to WTH that would represent the best compromise between the quantity of harvested biomass and the quantity of nutrients that are lost. Because the concentrations of most tree nutrients have been shown to increase as branch diameter decreases [6, 7] , this compromise could be based upon the diameter of branches to be harvested. As such, tree branches could be harvested as long as their nutrient compositions do not differ significantly from that of the stem.
Despite an extensive body of literature on nutrient concentrations in stems and branches of North American tolerant hardwoods (reviewed in [8, 9] ), little is known about the distribution of their nutrients among branches of differing diameters. This relationship has been explored for different European hardwood species [10, 11] , thereby revealing an exponential decrease of most macronutrient concentrations with increasing roundwood diameter. However, these studies did not use nutrient contents to quantitatively define the branch diameter corresponding to the best compromise between biomass and nutrient exports. Based upon actual knowledge, we could expect a branch diameter threshold to vary according to the nutrient and the tree species being considered. Indeed, N and P are generally found in large concentrations within young shoots and foliage [12, 13] , whereas base cations such as Ca and Mg may be more evenly distributed within trees [12] . Also, sugar maple (Acer saccharum Marshall) and yellow birch (Betula alleghaniensis Britton), which are two dominant species in shade-tolerant hardwood forests, differ in their nutrient compositions. Base cations, in particular, are found in greater concentrations in sugar maple stems [8, 14] .
Although research efforts have focused upon biomass harvesting after clear-cutting, tolerant hardwood forests are mainly managed through partial cuts of various intensities and frequencies [15, 16] . Different tree marking procedures that select the trees to be harvested could alter the nutrient efficiency of biomass harvesting, given that they determine the size of the trees to be felled during partial cuts and, therefore, total nutrient export. Yet it remains unclear as to the extent that factors related to harvesting practices (partial harvest and tree marking) may be important in determining the absolute amount of nutrients exported and if they matter more than do nutrient concentrations, thereby rendering a branch diameter threshold less valuable.
Here, we report on a study where N, P, K, Ca, and Mg distributions were measured within four tree compartments: stems (>10 cm in diameter); and large-(5-10 cm), medium-(2-5 cm), and small-diameter (<2 cm) branches. These elements were measured in 24 sugar maples and 24 yellow birches of various DBH (diameter at breast height, 1.3 m). We first explored, at the scale of individual trees, how each nutrient was distributed within branches of different diameters. We then used these results to model nutrient export under biomass harvesting scenarios that varied according to the intensity of biomass harvest, stand composition, and the marking procedure that was employed for tree selection. Our objectives were (1) to define a branch diameter threshold for biomass harvest; and (2) to evaluate how this threshold may vary according to the nutrient and the tree species considered. We also used a modelling approach to estimate, at the stand scale, the quantities of nutrients that should be exported with various intensities of biomass harvest (from SOH to WTH) and under different harvesting scenarios.
We expect the concentrations of N and P to vary more among branch size classes than base cations. Accordingly, we hypothesised that the branch diameter threshold would be more restrictive (larger branches) for N and P in comparison to the threshold for base cations.
Materials and Methods

Study Area and Stand Selection
The study area is part of the sugar maple-yellow birch bioclimatic domain of Quebec, Canada [17] . This domain also contains American beech (Fagus grandifolia Ehrh.), eastern hemlock (Tsuga canadensis [L.] Carr.), basswood (Tilia americana L.), and red oak (Quercus rubra L.) as principal tree species. It represents the northern limit of the eastern North American deciduous forest. Windthrow is the principal natural disturbance driving the dynamics of these forests. Sampling was conducted in two regions of southern Quebec, which consisted of the Laurentides (46 [18] . The study area is located on the Grenville formation, with the Laurentides and Outaouais regions being characterised by mafic to ultramafic and sedimentary rocks, respectively. Soils were Humo-Ferric Podzols, which had developed over sandy loam glacial tills. Bulk pH ranged from 4.0 to 5.4 [19] . One uneven-aged (>70-years-old) sugar maple stand was selected in each region. Each stand had been partially harvested at least 15 years before tree sampling, which allowed sampling along a gradient of tree sizes. Relative basal area of yellow birch was ≥30% in each stand.
Tree Sampling and Compartment Measurements
Sampling was performed from November to December 2010, about one to two months after leaf fall. This period of the year is commonly prioritized for biomass harvesting to limit nutrient export associated with leaf removal. For each stand, each tree (without major branch loss) within a 1 ha plot was assigned to one of the following DBH (diameter at breast height, 1.3 m) classes: 14-18; 19-23; 24-29; and 30-35 cm. Three individuals per species were then randomly selected within each DBH class, yielding a total of 24 trees per stand (12 per species). Selected trees were cut as close as possible to the ground surface. Tree height and merchantable stem length (i.e., up to a diameter of 10 cm) were then measured. A stem disc section at stump height (<30 cm) was also collected for age determination by ring counting. Trees were then separated into four compartments, with all diameter measurements being taken over bark: (1) stem (diameter > 10 cm); (2) large branches (10-5 cm); (3) medium-size branches (5-2 cm); and (4) small branches (<2 cm).
Compartment size was determined according to its total dry mass (oven-dried at 50 • C). Branch compartments were weighed individually with an electronic scale (−150 kg ± 0.1 kg). Stem mass was calculated as the product of stem fresh volume and stem density. Stem fresh volume (V, m 3 ) was determined as the volume of a truncated cone:
where r 1 is diameter (cm) at stump height, r 2 is the diameter at the end of the cone (10 cm), and h is stem length (m, between r 1 and r 2 ). Stem density (kg·m −3 ) was calculated as the weighted average of stem bark and stem wood densities, according to their respective proportions (on a dry-mass basis) in the stem compartment. These proportions were derived from the allometric equations that were provided by Lambert et al. [20] by (1) calculating stem bark and stem wood dry biomass corresponding to the tree measurements (DBH and height); (2) summing them to yield total stem biomass; and (3) computing the ratio of stem bark and stem wood to total stem biomass. The density of each stem constituent (bark and wood) was determined as the ratio of dry mass (dried at 50 • C to constant mass) over volume (determined by the water displacement method) on subsamples that were taken from a 10 centimetre-thick disc section that had been collected at breast height. Branches that were greater than 10 cm in diameter were cut at their insertion point on the stem, weighed directly on the electronic scale, and assigned to the stem compartment. All mass measurements that were taken in the field were corrected for moisture content using density (oven-dried mass over fresh volume; kg·m −3 ) of subsamples for each tree compartment. We used the allometric equations of Lambert et al. [20] to validate our measurements of total tree mass. Validation could not be performed on stem and branch compartments alone, as the definition that was provided by the previous authors differed from our study. However, both methods yielded highly correlated results (R 2 = 0.92 for sugar maple; R 2 = 0.95 for yellow birch) for total tree mass. The biomass estimates in the present study were consistently higher than those reported using allometric equations, but never exceeded the variability predicted when including standard errors of the coefficients in the computation (see Figure S1 for more details). Table 1 presents average biomass of each tree compartment for both tree species and each of the four DBH classes. 
Nutrient Content Analyses
Samples from each tree compartment (stem wood and stem bark from the 10 centimeter-thick stem disc at breast height or a bundle of randomly collected branches that weighed~1 kg) were individually dried at 50 • C to constant dry mass and ground. Total N (Kjeldahl) and P concentrations were quantified following acid digestion (K 2 SO 4 , H 2 SO 4 , HgSO 4 ) by continuous flow analysis (Technicon, Seal Analytical, Mequon, WI, USA). Total K, Ca, Mg, and Na concentrations were measured by inductively coupled plasma-atomic emission spectrometry (ICP-AES) after acid digestion (nitric acid, H 2 O 2 , HCl). Total nutrient content of each tree compartment was calculated as the product of compartment dry mass and nutrient concentration (µg/g). Average nutrient concentrations for the sampled compartments of each tree species are presented in Table 1 . These values are consistent with those reported in the literature for sugar maple and yellow birch [8, 14] , with the exception of N, which falls within the upper range of reported values (see Table S1 for details).
Cumulative Proportions of Nutrient and Biomass in Branch Compartments
The branch diameter threshold was defined as the minimal branch diameter where nutrient content was proportional to biomass content. This was done by expressing nutrient and biomass contents as the cumulative proportion (CP) in stem and branches relative to the content in the stem. This proportion was computed according to the following equation:
where Q nstem is the quantity of nutrient n in the stem, Q nj is the quantity of nutrient n in the branch compartment j (LB, MB or SB), and i denotes the branch compartment, ranging from large branches (LB) to the small branches (SB). For example, the proportion of nitrogen present in medium branches (5-2 cm in diameter) was expressed as the total amount of nitrogen present in the stem, and the large and the medium branches, divided by the content present in the stem (in percent). This transformation yielded values over 100%, as the content in the stem was present in both the numerator and the denominator. These cumulative proportions provide an estimate of how much nutrient or biomass will be exported with branch harvesting relative to SOH. Cumulative proportions were further used in mixed-models to detect significant differences between nutrient and biomass proportions within each branch compartment. This procedure compared biomass and all nutrients on the same scale.
Modelling the raw data could not account for the wide variability in the concentrations that were measured, even using alternative variable distributions or transformations.
Modelling Nutrient Removal with Harvest
Using the nutrient distributions from the 48 sampled trees, we modelled virtual pure sugar maple and mixed sugar maple-yellow birch stands to assess nutrient export with harvesting. These stands (1 ha in area) were composed of 680 virtual trees that were distributed along a DBH gradient: 12, 18, 24, 30, 36, and 40 cm. The number of virtual trees for each DBH class was 250, 170, 110, 70, 50, and 30, respectively. For mixed stands, tree density for each DBH class was equally distributed between sugar maple and yellow birch. A permutation procedure was used to create 1000 virtual stands of each type (pure or mixed). For each of the 680 virtual trees within a stand, this procedure assigned a total tree mass according to species-specific exponential regressions with tree DBH values that were extrapolated from our data (sugar maple totalmass = 0.2603 × DBH 2.2821 , R 2 = 0.97; yellow birch totalmass = 0.2085 × DBH 2.3579 , R 2 = 0.97). The permutation procedure then identified the six trees from our database with the closest DBH values (considering tree species), selected one of them randomly, and assigned its nutrient distribution among the compartments in the virtual tree. These steps were repeated 680 times to complete a virtual stand. This permutation procedure was preferred to averaging nutrient distributions across DBH classes because we wanted to preserve the variation that was observed in our dataset to build our modelled stands. Pure and mixed stands that were generated by this procedure are representative of uneven-aged hardwood stands in northeastern North-America, with respect to tree density and allocation among DBH classes.
Partial harvests in tolerant hardwood forests are performed either by diameter-limit or by selection cuts. Diameter-limit cuts select all trees above a specified DBH, generally harvesting between 25% and 35% of the stand basal area. Selective cuts select individual trees within all DBH classes to retain stand structure equal to that observed prior to the intervention [15] . For each virtual stand that was created, we simulated both selection and diameter-limit cuts with four different biomass harvest intensities: whole-tree harvesting (WTH); harvesting of all parts with a diameter >2 cm (stem + large and medium-size branches: SLMH); harvesting of all parts with a diameter >5 cm (stem + larges branches: SLH); and stem-only harvesting (SOH). A total of 16,000 stand harvests were thus computed in a factorial design: two stand compositions (pure maple or mixed maple-birch), two tree marking procedures (selection vs. diameter limit cutting), and four biomass harvest intensities (WTH, SLMH, SLH, and SOH). For each scenario, the partial harvest was performed at a rate of 30% of the stand basal area. All stand modelling was performed in R (v.3.2.3 [21] , R Core Team, Vienna, Austria).
Statistical Analyses
Cumulative proportions of nutrient and biomass were compared and modelled as a function of tree size and tree species using linear mixed-effects models to account for the random effects of individual trees. A random effect of the region could not be estimated, given that only two regions were sampled. Model selection was performed in the R statistical environment (v.3.2.3 [21] , R Core Team, Vienna, Austria) according to a ten-steps backward selection protocol [22] . The data from each compartment were modelled independently because of the many potential interactions when branch compartment was included as a factor, the failure of the resulting model to converge, and because of considerable variability among branch compartments that could not be modelled adequately. Each of the resulting three models was first fitted by generalized least squares, with only a fixed component including tree DBH (continuous), tree species (a factor with two levels), and branch parameter (a factor with six levels; branch biomass and the five nutrients), together with all possible two-and three-way interactions. This full fixed effect model was then compared using a likelihood ratio test with the full random effect model that also included a random intercept for each individual tree. Once the random structure was identified, a step-wise procedure, using likelihood ratio tests, was applied to retain only significant terms in the final model. Significant differences between the cumulative proportion of each nutrient and biomass were then assessed using treatment contrasts with biomass as the reference level. To respect normality assumptions, cumulative proportions had to be log-transformed, and heterogeneity was allowed between each combination of nutrient and tree species using a varIdent option (see Chapter 4 in [22] ).
At the stand level, we compared the influence of harvest intensity, tree marking procedure, and stand composition in determining the quantity of nutrients that were exported by including all three factors and their resulting interactions in a three-way ANOVA. Due to the high number of permutations (n = 16,000), p-values were not indicative of variable importance in the model. Rather, we based our interpretation of the results on the proportion of the variance that was explained. This proportion was defined as the sums-of-squares that were associated with the term of interest, divided by the total sums-of-squares, and returned as a percentage. All terms exhibiting a proportion of variance that explained more than 1% were included for graphical interpretation. All statistical procedures were performed in R (v.3.2.3 [21] ), with mixed-effects models computed in the nlme package [23] . Graphical analyses were performed with the ggplot2 package [24] .
Results
Cumulative Proportion of Nutrients and Biomass at the Tree Scale
The mixed-model selection procedure yielded the same model structure for large and medium branches, i.e., including the interaction between branch parameter and tree species, as well as the interaction between branch parameter and tree DBH ( Table 2 and Table S2 ). In the small branches model, however, this last interaction was not significant and was thus removed. For sugar maple, pairwise comparisons indicated that the cumulative proportions of the five nutrients were significantly higher than that of biomass in small branches (Table 2 and Figure 1a) . The same pattern was observed for yellow birch with the exception of Mg, for which the cumulative proportion was also significantly higher than that of biomass in large and medium branches. Other significant comparisons indicated lower cumulative proportions of Mg in large branches and Ca in large and medium branches of sugar maple, and of N in yellow birch medium branches. Table 2 . Output from the tree selection models for the cumulative nutrient and biomass proportions in each branch compartment. The significance of each term (main effects and interactions) in the selected model is presented on the left-hand side of the table. Note that the term branch parameter (BP) included biomass and thus had six levels. Pairwise comparisons of each nutrient with biomass (the reference level) are provided on the right-hand side of the table. These last comparisons were repeated for sugar maple and yellow birch, given that the branch parameter x tree species interaction (BP:sp) was significant for each model. sp = tree species, numDF = numerator degrees-of-freedom, denDF = denominator degrees-of-freedom. Apart from the interaction with tree species, the branch parameter term interacted with tree DBH in determining the cumulative proportions in large and medium branches, but not in small branches (Table 2 and Figure 1b) . The cumulative proportion of all nutrients in branch compartments decreases with tree DBH, indicating that the stem represents a growing pool of nutrients as the size of the tree increases. P in medium branches is one exception, where its cumulative proportion slightly increased with DBH. However, this last slope was barely significant with a p-value of 0.0475 (Table S2) .
Branch Compartment Main Effects and Interactions Pairwise Comparisons with Biomass Proportion
Nutrient Export with Different Biomass Harvest Scenarios
Biomass harvest intensity was the main factor determining the quantity of biomass and nutrients that were exported with harvest, as it explained more than 75% of the variation in N, P, K, and Mg export with harvest (Table 3 ). An exception was Ca, for which stand composition was almost equally as important in determining the amount exported. The biomass and N that were exported with harvest were also influenced by tree marking procedure, which respectively explained 18.73% and 10.08% of the variation in the two response variables. Phosphorus export was almost entirely determined by harvest intensity, but a small fraction (2.32%) was also related to stand composition. In addition to harvest intensity and stand composition, all three base cations (K, Ca, and Mg) were influenced by the tree marking procedure, but with only 2% to 10% of the variance explained by this last factor. WTH increased N, K, Ca, and Mg export by 150% to 200% compared to SOH (Figure 2 ). In contrast, phosphorus export with WTH was more than three-fold higher than exports that were reported with SOH. This pattern is similar to that observed with cumulative proportions at the tree level. For all nutrients except P, diameter-limit cutting increased nutrient export as a result of the larger amount of biomass that was harvested with this method. Harvesting biomass in mixed stands yielded smaller amounts of exported base cations, but showed slightly more P that was exported with WTH. yielded smaller amounts of exported base cations, but showed slightly more P that was exported with WTH. Figure 2 . Average mass per unit area (kg•ha −1 ) of exported biomass and nutrients as a function of biomass harvest intensity, stand composition, and tree marking procedure. Only variables explaining more than 1% in the variation of nutrient export are presented in this figure. Red lines correspond to diameter-limit cutting, blue lines represent selective cutting, solid lines are for pure sugar maple stands, and dashed lines correspond to mixed sugar maple-yellow birch stands. The black line for P correspond to the values averaged over both tree marking procedure. SOH = stem only harvesting, SLH = stem + large branch harvesting, SLMH = stem, large + medium branch harvesting, WTH = whole tree harvesting. Error bars correspond to standard deviations. Average mass per unit area (kg·ha −1 ) of exported biomass and nutrients as a function of biomass harvest intensity, stand composition, and tree marking procedure. Only variables explaining more than 1% in the variation of nutrient export are presented in this figure. Red lines correspond to diameter-limit cutting, blue lines represent selective cutting, solid lines are for pure sugar maple stands, and dashed lines correspond to mixed sugar maple-yellow birch stands. The black line for P correspond to the values averaged over both tree marking procedure. SOH = stem only harvesting, SLH = stem + large branch harvesting, SLMH = stem, large + medium branch harvesting, WTH = whole tree harvesting. Error bars correspond to standard deviations. Table 3 . Output from the six models applied on nutrient export with biomass harvest from the virtual stands. For each nutrient, the table presents the sum of squares, the proportion of the variance explained (%), and the F value related to each term included in the models. Values in bold indicate the terms selected for graphical exploration that explained more than 1% of the variance. 
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Discussion
Defining a Branch Diameter Threshold Based on Nutrient Distribution at the Tree Scale
Our findings suggest that a branch diameter threshold, which was based upon the best compromise between the quantity of biomass that was harvested and nutrient exports, should be set at 2 cm for both tree species and all five nutrients. However, for Mg in yellow birch biomass, branches smaller than 10 cm should not be harvested if this nutrient is of concern for forest productivity. This last nutrient represented a greater cumulative proportion than biomass in all branch compartments from yellow birch. On average, a pattern similar to Mg was observed for P in medium branches of both tree species. However, large variation in branch P content prevented this nutrient from being differentiated from biomass cumulative proportion.
The total content of P in branch and stem compartments was more strongly correlated with its concentration (R 2 = 0.64) than with the biomass of these compartments (R 2 = 0.33). As a result, P was the nutrient exhibiting the greatest cumulative proportions within all branch compartments, especially small branches (300%-400%; Figure 1 ). High P content in tree branches has also been reported in a 70-year-old northern hardwood forest in New Hampshire [25] . Using data from this last study to compute the cumulative proportion of P in the whole tree (i.e., the ratio of WTH/SOH P export) yielded a value of 280% (see Table S3 ). Similarly, a review for Canadian tree species reported average P concentrations in branches that were two to three times greater than in stem bark [8] .
The quantity of base cations (K, Ca, and Mg) that were contained in a compartment was more strongly related to the biomass of the compartment (K, R 2 = 0.87; Ca, R 2 = 0.86; Mg, R 2 = 0.86) than to their tissue concentrations (K, R 2 = 0.01, Ca, R 2 = 0.13; Mg, R 2 =0.04). As a result, the stem remains the principal pool of these nutrients, especially for sugar maple. These findings are consistent with those of Tremblay et al. [26] , who reported that more base cations were stored in stems than branches and foliage combined in a sugar maple-dominated forest (data available in Table S3 ). However, for yellow birch, our results suggest that branches form a pool of base cations that is equally or more important than that for the stem. Such a discrepancy between tree species can be explained by lower base cation concentrations in stems of yellow birch compared to sugar maple. This pattern was observed not only in our data (Table 1) , but also has been reported in the literature [14, 27] . In addition, yellow birch tends to allocate more of its biomass to branches than to the stem in contrast to sugar maple, a pattern that was also observed in our data (Table 1) and from biomass estimates of general allometric equations [20] . Yang et al. [14] also provided evidence of greater Mg concentrations in yellow birch branches that were 0-3 cm in diameter compared to sugar maple. These reasons could possibly explain why a different branch diameter threshold (i.e., 10 cm diameter branches) was defined for Mg in yellow birch branches compared to sugar maple.
It was initially expected that N distributions within tree compartments would follow patterns similar to those of P, i.e., being principally related to its tissue concentration. As in the case for base cations, our results demonstrate that N content was more strongly related to compartment biomass (R 2 = 0.97) than to its concentration (R 2 = 0.03). Even if high N concentrations were found in small branches, large values were also observed in stem bark and wood, which would explain why large quantities of N were observed in stem compartments (Table S2 ). Other studies in temperate hardwood forests have also found that tree stems, especially stem bark and sapwood, may contain large quantities of N [9, 28] .
Estimating Nutrient Export with Harvest at the Stand Scale
The results of our modelling approach indicate that the importance of harvesting practices on nutrient export essentially depends upon the nutrient distribution within trees. Nutrients that are more concentrated within the branches, such as P, will be more strongly influenced by the intensity of biomass harvest than by any other variable. Conversely, nutrients that are more concentrated within the stem, such as Ca, are also determined by the tree marking procedure, which ultimately influenced the size of tree trunks that were harvested. Moreover, because Ca and other base cations were in greater concentrations within sugar maple stems, stand composition also had an influence on final export with harvest. However, it is worth mentioning that the statistical weight of stand composition may vary according to the species composing the stands. For example, this weight is likely to be greater in mixed hardwood-softwood forests due to larger differences in nutrient composition than between sugar maple and yellow birch [8] .
Exports of P, K, Ca, and Mg that were predicted by our modelling approach fall within the upper range of values that have been previously reported in sugar maple-dominated forests, which were harvested by SOH and WTH. Our results for these nutrients correspond roughly to one-third of estimates from previous studies [25, 26, 29] that used clear-cut harvests, as opposed to our partial cutting approach (reported values from these references are provided in Table S3 ). Estimates of N exports with harvest were larger than those reported previously [25, 29] , as would be expected given the high N concentrations that were measured in our samples (see Table S1 for details). Yet, regardless of this discrepancy, our results are comparable to these previous studies regarding the ratio of nutrients that were removed with WTH vs. that removed with SOH (CP in Table S3 ). This similarity suggests that nutrient distributions within tree compartments are constant across mature stands that are dominated by sugar maple and that the branch diameter thresholds defined here are likely applicable in all of these forests. Conversely, the absolute quantity of nutrients that were exported with harvest is more difficult to generalise across these forests. The results from the modelling approach contained non-trivial variations in nutrient export (Figure 2b-f) , despite the fact that our sampling only addresses a limited portion of the range in natural variability (i.e., 48 trees from two locations). Given that greater variability is expected to occur in nature, field experiments attempting to compare the total nutrient export that is associated with different harvesting treatments should plan to sample a large number of replicates. As such, expressing nutrient export as a proportion relative to stem content could be a more reliable tool for planning biomass harvests than nutrient content estimates.
Implications on Nutrient Pools and Future Forest Productivity
The quantity of Ca that is incorporated in living aboveground biomass has been shown to represent the major fraction of labile Ca in temperate hardwood forests [25, 26, 30] . Also, acid deposition has been linked to higher Ca leaching from temperate forest soils, thereby yielding negative Ca budgets [31] [32] [33] . This nutrient is considered to be the most likely to be depleted by harvest operations in the near future [30] . In mature SM-YB stands, annual Ca budgets have been estimated to range between 0.54 [34] and 6.38 kg·ha −1 ·year −1 [35] . Compared to these budgets, our estimates of Ca export with harvest suggest that Ca pools would be replenished within 48 to 571 years under WTH, and within 31 to 371 years under SOH (Table S4) .
Several studies have also identified P as possibly limiting the productivity of temperate hardwood forests [36, 37] and multiple sources of evidence indicate that WTH significantly reduces P soil pools [25, 38, 39] . Estimated P annual budgets in SM-YB forests are between 0.02 [25] and 0.10 kg·ha −1 ·year −1 [35] . In an exercise similar to that conducted with Ca, P pools would be replenished within 107-535 years after WTH, and 37-185 years after SOH (Table S4) .
Considering a rotation length of 30 years between partial harvests, our results suggest that biomass harvest and conventional SOH could potentially deplete Ca and P pools. However, caution should be paid when interpreting changes in nutrient pools that are based on mass balance budgets, as these models do not always depict forest reality, even after careful on-site calibration [40] . Further, nutrient export with harvest may be overestimated in practice as residue removal, on average, only recovers 50% of available forest residues [41] . Nevertheless, our estimates are consistent with the perception that Ca and P forest pools may be depleted by WTH [38, 40] . Further studies are required to fully understand the consequences of biomass harvesting on the cycling of nutrients in hardwood temperate forests.
Conclusions
To our knowledge, the present study is the first to assess nutrient export with different diameters of branches that are harvested in temperate hardwood forests dominated by sugar maple. In doing so, this study demonstrated that sugar maple and yellow birch branches smaller than 2 cm are rich in N, P, K, Ca, and Mg, while representing a small fraction of the tree biomass; as such, it may not be advantageous to harvest these branches. In contrast, for yellow birch, this threshold was identified at 10 cm for Mg, which is in greater concentration relative to the biomass in all branch compartments. In modelling different intensities of biomass harvest based upon these nutrient distributions, we found that the intensity of biomass harvest is the main factor regulating the quantity of nutrients that are exported, while stand composition and tree marking procedure are important mainly for Ca exports. In addition, our modelling approach revealed that even with a limited sample of the natural range of variability, the results were highly variable, rendering it difficult to accurately predict the total quantity of nutrients that were exported with harvest. Using the proportion of nutrients relative to the stem could be a more reliable approach, given that they exhibit less variability across studies.
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